INTRODUCTION 32
The first 1000 days of life are recognised as being critical for growth, with faltering in this 33 period having proximal effects on child morbidity and mortality and enduring effects on 34 attained height and work productivity in adulthood (1) (2) (3) (4) . Within this 1000-day window, the 35 transition period from a milk-only diet to a diet that includes complementary foods presents 36 the greatest challenge in terms of supplying adequate nutrition to support growth (5) . This is 37 attributable to the limited gastric capacity and rapid development of infants during this period, 38 and is reflected in the micronutrient density (micronutrients per 100 kcal of food) needs of 39 infants aged 6-8 mo, which are the greatest of any age group (5, 6) . 40 Previously we examined the longitudinal relation between WHO infant and young 41 child feeding (IYCF) indicators (7) and subsequent growth in a large group of Zambian 42 infants (8) . As hypothesized, we found that dietary diversity-which is used as an indicator of 43 micronutrient adequacy-at 6 mo of age was positively associated with subsequent linear 44 growth (length-for-age Z-score, LAZ) and weight gain (weight-for-length Z-score, WLZ) to 45 18 mo. Findings such as these are important for facilitating the improvement of infant feeding 46 practices that promote optimal growth. 47
Socio-demographics and morbidity 157
Maternal education was categorized as primary school or less, secondary school, or 158 college/university. Using principle component analysis, an asset-based index of household 159 wealth was generated using the following variables: home ownership; floor type; connection 160 to water, electricity and telephone; sanitation facilities; transport type; ownership of electrical 161 appliances; number of meals per day; and ownership of animals and a vegetable garden. The 162 index was divided into quintiles for use as a covariate in analyses. 163
Maternal HIV status was established using HIV antibody test results from the 164 government antenatal health service. Infants were defined as HIV exposed if their mothers 165
were HIV-positive. Basic care and prescription of antibiotics or antimalarials were available 166 for infants at all clinic visits, including unscheduled visits, while referrals for other treatments 167 were made to Chilenje main clinic or to the University Teaching Hospital. Data on hospital 168 admissions prior to 6 mo of age were not collected, however reports of diarrhea (at least 3 169 loose stools or one bulky, watery stool in a 24-h period) in the last 3 mo were recorded at 170 baseline. Infant hemoglobin concentrations (g/L) were measured in fingerprick blood samples 171 (Hemocue, Dronfield, UK) at baseline. 172
173

Statistical analyses 174
Wilcoxon rank sum tests were used to determine whether mean micronutrient adequacy 175 differed by breastfeeding status or consumption of fortified foods. Spearman rank correlation 176 was used to examine the relationship between micronutrient adequacy and dietary diversity 177 scores (all treated as continuous variables). The linearity of these relations was then tested 178 using linear regression, with a significant quadratic dietary diversity term indicating deviation 179 from linearity. Spearman rank correlation was also used to investigate the relationship 180 between micronutrient adequacy and consumption of locally specific, nutrient-dense "sentinel 181 11 foods" (yes/no): animal-source foods (flesh foods, eggs, dairy products), fortified foods, flesh 182 foods, iron-rich foods, dairy foods and vitamin A-rich fruits and vegetables. These 183 associations were tested overall and by breastfeeding status. 184
Multiple linear regression was used to determine the association between LAZ and 185 WLZ at 18 mo and the explanatory variables overall MMDA, MMDA of problem nutrients, 186
and MAR (all continuous variables). All analyses controlled for baseline LAZ or WLZ, and 187 models adjusted for the following a priori confounders were produced: baseline hemoglobin 188 concentration (continuous), birth weight (continuous), maternal height (continuous), sex, HIV 189 exposure (yes/no), diarrhea in the last 3 mo (yes/no), treatment group, household wealth (5 190 categories) and maternal education (3 categories). Models further adjusted for fortified food 191 intake (yes/no), baseline breastfeeding status (yes/no) and energy intake (continuous) were 192 generated. Final, fully adjusted models additionally controlled for dietary diversity score (5 193 categories). Multicollinearity of all variables was assessed using variance inflation factors 194 (VIF) (28) and model assumptions were checked (29) . All analyses were conducted using 195 
RESULTS
206
Of the 1835 infants screened, 1316 were deemed eligible to participate in CIGNIS, and of 207 these a total of 811 infants were enrolled (62% of all eligible). Reasons for refusal included: 208 agreed but did not return (48%), family objected/family consultation required (39%), no 209 interest/no reason (10%), and time commitment (3%). The prevalence of stunting and wasting 210 among infants at baseline was 12% and 3%, respectively. Two-thirds (67%) of mothers were 211 educated to high school level or above, with 29% having attained college or university 212 qualifications ( Table 1) . Nine percent (9%) of all mothers were unaware of or did not disclose 213 their HIV status and 22% were HIV-positive. At the conclusion of the trial, loss to follow-up 214 was 22%; reasons for non-completion (moved away (32%), family objected (13%), child died 215 (7%), lost interest (5%), would not disclose/other (43%)) did not differ by maternal education 216 or household wealth (11) . Among the 12 children who died during the study, eight were born 217 to HIV-infected mothers, and 17 children tested HIV-positive at 18 mo. 218
Sixty-one percent (61%) of all infants consumed fortified foods, with lower rates 219 among breastfed infants (55%) and HIV-unexposed infants (57%), and higher rates among of 220 non-breastfed infants (90%) and HIV-exposed infants (72%). Among breastfed infants, the 221 majority of fortified food consumed was infant cereal (70%), while for non-breastfed infants, 222 infant cereal comprised 18% of all fortified food consumed. The remainder of fortified food 223 consumed was infant formula, comprising 30% of all fortified foods consumed by breastfed 224 infants and 82% of all fortified foods consumed by non-breastfed infants. 225
226
Micronutrient adequacy 227
Breastfed infants (n = 650) did not meet their estimated needs from complementary foods for 228 most nutrients assessed, including folate, niacin, riboflavin, vitamin B6, thiamin, vitamin A, 229 calcium, iron, zinc, phosphorus and magnesium, whereas non-breastfed infants (n = 137) did 230 not achieve recommended intakes for folate, iron and zinc ( Table 2 ). The intake of energy 231 13 was sufficient in both groups. Mean nutrient density adequacies across all infants were less 232 than 50% for calcium, iron and zinc. These three problem micronutrient density adequacies 233 were averaged for individuals to create MMDA Ca Fe Zn. 234
Mean micronutrient adequacies, including overall MMDA, MMDA Ca Fe Zn, and 235 MAR, differed according to breastfeeding status and consumption of fortified foods (all P < 236 0.0001 for Wilcoxon rank-sum tests) ( Table 3) . Non-breastfed infants consuming fortified 237 foods achieved the highest mean micronutrient adequacies (89% to 93%), while breastfed 238 infants consuming no fortified foods had the lowest mean micronutrient adequacies (19% to 239 49%). Infants consuming just one food group were most likely to be consuming the food 240 group grains, roots or tubers, and had mean micronutrient adequacies of less than 50% across 241 confounders, all measures of mean micronutrient adequacy at 6 mo were positively associated 264 with LAZ and WLZ at 18 mo of age (all P ≤ 0.02) ( Table 5) . Introducing other dietary factors 265 (fortified food consumption, breastfeeding status, energy intake) into the model rendered the 266 effect of micronutrient adequacies at 6 mo on WLZ at 18 mo non-statistically significant (all 267 P ≥ 0.11), likely due to the inclusion of energy intake. In final models additionally adjusted 268 for dietary diversity, the association between MMDA Ca Fe Zn at 6 mo and LAZ at 18 mo 269 remained statistically significant (P = 0.028), while all other associations between 270 micronutrient adequacy and LAZ became non-significant (both P ≥ 0.19) ( Table 6 ). In all 271 three of these fully adjusted models, dietary diversity at 6 mo was positively associated with 272 LAZ at 18 mo (all P ≤ 0.014 for linear trend). There was no indication of problematic 273 multicollinearity between dietary diversity, micronutrient adequacy, energy intake, socio-274 economic position or other covariates (mean VIF ≤ 2.4) (28) . In this urban setting, more than half of all infants studied consumed fortified complementary 279 foods, and among these infants, dietary diversity scores were not well correlated with 280 micronutrient adequacy. However, among infants not receiving fortified foods, correlations 281 between overall micronutrient adequacies and dietary diversity were comparable to those 282 reported elsewhere (9, (30) (31) (32) Calcium, iron and zinc have long been recognised as problem micronutrients for 317 complementary-fed infants in resource-constrained countries, with target nutrient densities 318 difficult to achieve due to the low levels and poor bioavailability of these minerals in 319 traditional plant-based complementary foods used in these settings (6) . Thus, it is not 320 surprising that the supply of these micronutrients was the most limited in the current 321 population, and that their MMDA at 6 mo was related to subsequent linear growth in fully 322 adjusted models. Evidence from meta-analyses of randomized controlled trials supports our 323 finding, with both zinc (39) and iron supplementation (40) improving linear growth in 324 childhood. Calcium intakes have also recently been associated with improved linear growth 325 from infancy to adulthood in a large cohort study in the Philippines (41). 326
Although we did not find an association between overall micronutrient adequacy and 327 linear growth when controlling for dietary diversity, we cannot completely discount that an 328 association exists. Being derived from single 24-h diet recalls, our estimates of dietary intakes 329 in this population are subject to random error as a consequence of within-subject variation. 330
While this may have attenuated the association between micronutrient adequacy and 331 subsequent growth, dietary diversity scores are less affected by this type of random error (42) . 332
The refusal rate was greater than expected, and although birth weights of CIGNIS study 333 participants were virtually identical to those of the total population of infants born in the 334
Chilenje clinic during the study period (11), selection bias may have also affected estimates of 335 associations between micronutrient adequacy, dietary diversity and subsequent growth (43). 336
While residual confounding may account for the relation between dietary diversity and 337 linear growth noted here, it is important to consider other potential avenues by which dietary 338 diversity may be operating. Namely, it is known that a more diverse diet is linked to a greater 339 diversity in the human gut microbiota (44, 45) , and current evidence suggests that 340 macronutrients as opposed to micronutrients are largely responsible for this relationship (45-341 47) . Infants' gut microbiota diversifies immediately following the introduction of 342 complementary foods, mirroring the diversification in the food substrates provided (48) (49) (50) (51) (52) (53) , 343 and continues to mature until around 2 to 3 years of age when it becomes adult-like (54) . 344
Reductions in gut microbial diversity were associated with the severity of growth faltering in 345 two infant cohorts from Malawi and Bangladesh, while the increased relative abundance of a 346 single bacterial genus was associated longitudinally with impaired linear growth (55, 56) . We 347 could not investigate here whether the effect of dietary diversity on growth is mediated by the 348 gut microbiota, thus the exploration of the inter-relationships among infants' diet, the gut 349 microbiome and growth in several ongoing trials in Malawi (57) and Zimbabwe (44) is 350 timely. The beneficial effect of increased dietary diversity may also have implications in more 351 18 advantaged settings. Dietary diversity among breastfed US infants aged 6 to 12 mo was 352 recently reported to be lower than that in Mexico and China (58, 59) , and in an earlier study 353 of infants in Burkina Faso and Italy it was reported that the lower gut microbial diversity 354 among the European children was attributable to a comparatively high-fat, high-sugar, high-355 protein diet low in plant polysaccharides (50) . 356
Other potential benefits of increased dietary diversity beyond the increased intake of 357 micronutrients include exposure to foods of different textures and flavors, enabling infants to 358 develop healthy food preferences (60) , and the intake of bioactive constituents that may not 359 be present in fortified foods (61) . The WHO IYCF indicators include "minimum dietary 360 diversity", with infants achieving this indicator receiving ≥ 4 food groups/d (7). Minimum 361 dietary diversity is intended to indicate not only micronutrient adequacy, but also a high 362 likelihood of consuming at least one animal-source food and at least one fruit or vegetable in 363 addition to a staple food (7) . MMDA, mean micronutrient density adequacy of all measured micronutrients; MAR, mean adequacy ratio of all measured micronutrients; WLZ, weight-for-length Z-score. 2 Adjusted for LAZ or WLZ at baseline. 3 Adjusted for baseline LAZ/WLZ and hemoglobin, sex, birth weight, treatment group, HIV exposure, diarrhea in last 3 mo, maternal height and education, and household wealth. 
